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Abstract
We consider a non-rotating, massive test particle acted upon by a
“pressure”-type, non-geodesic acceleration arising from a certain gen-
eral class of gravitational theories with nonminimal coupling between
the matter and the metric. The resulting orbital perturbations for a
two-body system are investigated both analytically and numerically.
Remarkably, a secular increase of the two-body relative distance oc-
curs. In principle, it may yield a physical mechanism for the steady
recession of the Earth from the Sun recently proposed to explain the
Faint Young Sun Paradox in the Archean eon. At present, the theorists
have not yet derived explicit expressions for some of the key parameters
of the model, such as the integrated “charge” ξ, depending on the mat-
ter distribution of the system, and the 4-vector Kµ = {K0,K} con-
nected with the nonminimal function F . Thus, we phenomenologically
treat them as free parameters, and preliminarily infer some indications
on their admissible values according to the most recent Solar System’s
planetary ephemerides. From the latest determinations of the cor-
rections ∆ ˙̟ to the standard perihelion precessions, estimated by the
astronomers who produced the EPM2011 ephemerides without model-
ing the theory considered here, we preliminarily obtain |ξK| . 0.1 kg
s−1 for the Sun and Mars. From guesses on what could be the current
bounds on the secular rates of change of the planetary semimajor axes,
we get |ξK0| . 1249 kg s−1 for Mars. More effective constraints could
be posed by reprocessing the same planetary data sets with dedicated
dynamical models including the effects studied here, and explicitly es-
timating the associated parameters. The Earth and the COBE and
GP-B satellites yield |ξK| . 2 × 10−4 kg s−1 and |ξK0| . 2 × 10−10
kg s−1, respectively.
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1 Introduction
In this paper, we investigate the orbital effects of the covariant equations of
motion for structureless massive test bodies in gravitational theories with
general nonminimal coupling between the matter and the spacetime met-
ric [1, 2] by considering a local, gravitationally bound two-body system. In
particular, we will consider the case in which the nonminimal coupling is
allowed to be a general function of the set of 9 parity-even curvature in-
variants [1, 2]. For other generalized theories with nonminimal coupling
functions depending on curvature invariants, see, e.g., [3–5] and references
therein.
The authors of [1, 2] derive the equations of motion for (extended) test
bodies from the energy-momentum conservation law by adopting the covari-
ant multipolar approximation scheme [6] utilizing the expansion technique
by Synge [7]. Although such an expansion can be carried out to any mul-
tipolar order [1], here we confine to the lowest order case. As such, the
non-geodesic four-acceleration of a non-rotating, structureless massive test
particle is1 [1, 2]
Aα =
cξ
m
(
δαβ −
vαvβ
c2
)
Kβ, α = 0, 1, 2, 3. (1)
In eq. (1), which corresponds to eq. (55) of [1] and to eq. (11) of [2], c is
the speed of light in vacuum, m is the mass of the test particle as defined in
multipolar schemes within the general relativistic framework, δαβ is the four-
dimensional Kronecker delta, vα is the four-velocity of the test particle, the
“charge” ξ is an integrated quantity depending on the matter distribution of
the system, Kα
.
= ∇α lnF, where ∇α denotes the covariant derivative, and
the nonminimal function F depends arbitrarily on the spacetime metric gαβ
and on the Riemann curvature tensor R δαβγ . It must be noticed that eq.
(1) is given in covariant form [1]; no assumptions have been made regarding
the coordinates. Taking eq. (1) as a starting point, one can make use of any
coordinate system one likes. Concerning ξ, its general definition is [1]
ξ
.
=
∫
Σ(s)
Lmatwx2dΣx2 , (2)
1In [1,2], the Latin letters are used for the spacetime indices.
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where Lmat is the matter Lagrangian density, s is the particle’s proper time,
and the integral is performed over a spatial hypersuperface; for details on
the index notation adopted and on the explicit calculation of wα, see [1] and
the appendix of [6], respectively. In general, ξ would contain contributions
from both a background source and from the test particle. To this aim,
see in particular the general form of the conservation law of eq. (34) in [1].
However, in a multipolar context, in particular in eq. (1), one would consider
only test particles in source-free regions; thus, ξ would correspond to the
test particle only.
Knowing the orbital effects of eq. (1) on the dynamics of massive bod-
ies is particularly important to put theories with nonminimal coupling on
the test. Indeed, as recently pointed out in [2], they cannot be probed by
massless photons since they move along null geodesics.
2 The orbital effects on the motion of a non-rotating
test particle
From eq. (1), the test particle acceleration2
Anmc = −
ξ
[
c2K − cK0v + (K · v)v]
cm
, (3)
written in the usual three-vector notation, can be obtained. It should be
thought as an additional, body-dependent acceleration with respect to the
Newtonian monopole and the general relativistic acceleration including, e.g.,
the 1PN Schwarzschild and Lense-Thirring terms. In view of the excellent
agreement among observations and their standard general relativistic models
in a variety of astronomical and astrophysical systems [8], it is reasonable
to look at eq. (3) as a small perturbation of the usual general relativistic
geodesic acceleration.
As such, the impact of eq. (3) on the orbit of a test particle can be
analytically worked out with the standard Gauss equations [9] which allow
to treat any kind of perturbative acceleration, independently of its physical
origin. Since we are interested in the long-term effects, we need to integrate
the r.h.s. of the Gauss equations, evaluated onto the Keplerian ellipse chosen
as unperturbed reference orbit, over one orbital revolution. In doing that,
we only consider, to first order, the largest contributions coming just from
the interplay between the Newtonian acceleration and the non-geodesic one.
2Here and in the following, “nmc” stands for “non-minimal coupling”.
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In the calculation, as a working hypothesis, we make the assumption that
m, ξ,Kα can be considered as uniform over the spatial extension L of the
two-body system considered and constant during its characteristic timescale
set by the orbital period Pb. To this aim, it is important to stress that,
in general, m, ξ,Kα are not constant for the very general class of theories
covered in [1]; thus, in principle, assuming their constancy, even over one
orbital period of the test particle, would need further justification.
2.1 Analytical calculation
We will not make any further a-priori assumptions on either the orbital
configuration of the test particle or the spatial orientation of K, determined
by the components Kˆx, Kˆy, Kˆz of the unit vector K/K.
A lengthy calculation allows to obtain the averaged rates of change of3
the semimajor axis a, the eccentricity e, the inclination I, the longitude of
the ascending node Ω and the argument of pericenter ω. In the following,
nb
.
=
√
GMa−3 = 2π/Pb is the unperturbed Keplerian mean motion, where
G is the Newtonian constant of gravitation and M is the mass of the source
body considered as the primary in the two-body system considered.
The velocity-independent term in eq. (3) yields
da
dt
= 0, (4)
de
dt
= − cξK
32manb
E (e)
[
Kˆz sin I cosω + cos I cosω
(
Kˆy cosΩ − Kˆx sinΩ
)
−
− sinω
(
Kˆx cosΩ + Kˆy sinΩ
)]
, (5)
dI
dt
=
3cξKe cosω
2manb
√
1− e2
[
Kˆz cos I + sin I
(
Kˆx sinΩ − Kˆy cosΩ
)]
, (6)
dΩ
dt
=
3cξKe csc I sinω
2manb
√
1− e2
[
Kˆz cos I + sin I
(
Kˆx sinΩ − Kˆy cosΩ
)]
, (7)
3While a and e characterize the size and the shape (0 ≤ e < 1) of the unchanging
Keplerian ellipse, respectively, I,Ω , ω can be thought as three Euler angles determining
its orientation in the inertial space.
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dω
dt
= − cξK
8manb
P (e)
{
cosω
(
Kˆx cosΩ + Kˆy sinΩ
)
+
+sinω
[
Kˆz sin I + cos I
(
Kˆy cosΩ − Kˆx sinΩ
)]}
−
− cos I dΩ
dt
, (8)
with
E (e) = −
√
1− e2
e2
{
116e6 + 48e7 + 12e8 − 16e (1− e)
√
1− e2+
+e5
[
104 + 3 (1− e)
√
1− e2
]
+
+e3
[
32 + 5 (1− e)
√
1− e2
]
+
+e2
[
−32 + 5 (1− e)
√
1− e2 − 5 (1− e2)3/2]+
+e4
[
40 + 3 (1− e)
√
1− e2 − 3 (1− e2)3/2]+
+16
[
− (1− e)
√
1− e2 + (1− e2)3/2]} ≈
≈ 32 (1− e)− 56e2 +O (e3) , (9)
P (e) = −1
e
√
1 + e
1− e
(
15− 7e+ 5e2 + 3e3 − 12e4 − 4e5) ≈
≈ −15
e
− 8− 11e
2
− 12e2 +O (e3) . (10)
The term in eq. (3) that is linear in v affects only the semimajor axis a
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according to
da
dt
=
2ξK0
m
a, (11)
de
dt
= 0, (12)
dI
dt
= 0, (13)
dΩ
dt
= 0, (14)
dω
dt
= 0. (15)
The long-term effects due to the term of order O (v2) in eq. (3) are
da
dt
=
4ξKnba
2
cm
A (e)
[
Kˆz sin I cosω + cos I cosω
(
Kˆy cosΩ − Kˆx sinΩ
)
−
− sinω
(
Kˆx cosΩ + Kˆy sinΩ
)]
, (16)
de
dt
=
2ξKnba
cm
E ′ (e)
[
Kˆz sin I cosω + cos I cosω
(
Kˆy cosΩ − Kˆx sinΩ
)
−
− sinω
(
Kˆx cosΩ + Kˆy sinΩ
)]
, (17)
dI
dt
= 0, (18)
dΩ
dt
= 0, (19)
dω
dt
=
2ξKnba
cm
P ′ (e)
{
cosω
(
Kˆx cosΩ + Kˆy sinΩ
)
+
6
+sinω
[
Kˆz sin I + cos I
(
Kˆy cosΩ − Kˆx sinΩ
)]}
, (20)
with
A (e) = 1− e
2 −√1− e2
e
√
1− e2 ≈ −
e
2
+O (e3) , (21)
E ′ (e) = −1 + e
2
1 +
√
1− e2 ≈ −
1
2
+
3e2
8
+O (e4) , (22)
P ′ (e) = −1 + e
2 +
√
1− e2
e3
≈ 1
2e
− e
8
+O (e3) . (23)
An important feature of eq. (3) is that it causes long-term changes of both
the semimajor axis a and the eccentricity e, thus impacting the two-body
mean distance r = a
(
1 + e2/2
)
as well. It should be noted that eq. (11)
and eq. (16) do not allow to establish a-priori the repulsive or attractive
character of the modification of the orbit’s size. Indeed, if on the one hand
it depends on the orbital configuration of the particle through e, I, ω,Ω (eq.
(16), eq. (21)), on the other hand also the signs of K, ξ,m are, in principle,
relevant. At the present stage of the development of the class of theories with
non-minimal coupling considered here [1, 2], the analytical form of Kα, ξ,m
for a localized two-body system have not yet been explicitly worked out. It
will certainly be a necessary and important step forward. It is worthwhile
remarking also that there are no Newtonian perturbing accelerations of a
detached binary able to secularly impact on a. Concerning standard general
relativity, actually there are two effects that, at the 1PN level, can in princi-
ple change both a and e: the temporal variation of the masses entering the
gravitational parameter µ
.
= GM of the two-body system [10, 11], and the
cosmological expansion [12,13]. Nonetheless, being proportional to µ˙ [11] for
the specific system considered and to the Hubble parameter H [12,13], they
do not contain any free parameter: their magnitude is completely negligible
in any realistic astronomical scenario of interest.
2.2 Numerical calculation
We confirmed the results obtained analytically in Section 2.1 by performing
a numerical integration of the equations of motion, in cartesian coordinates,
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of an Earth-like test particle orbiting a Sun-sized source body initially at 1
au under the influence of the Newtonian monopole and of the non-geodesic
acceleration of eq. (3). The time span of the integration was chosen much
longer than the unperturbed orbital period of the test particle. For the sake
of simplicity, we adopted e = I = 0 as initial values for the eccentricity and
the inclination of the test particle, along with Kˆx = Kˆy = 0. According
to eq. (4)-eq. (20), the only non-vanishing secular change occurs for the
semimajor axis, as per eq. (11). Thus, the distance r from the primary
should experience a steady, cumulative increase. Figure 1, displaying the
difference ∆r between the numerically integrated distances with and without
eq. (3) for the same initial conditions, confirms such a prediction. In order
to make a meaningful confrontation with the perturbative calculation of
Section 2.1, we choose the values of ξ,K0,K in our numerical integration in
such a way that the resulting non-geodesic acceleration was several orders
of magnitude smaller than the Newtonian one. The units used in Figure
1 and the magnitude of the effect depicted in it are not to be considered
indicative. Finally, we mention the fact that the variation of the distance of
the two-body system implied by the rates of change of a and e may be used,
at least in principle, to accommodate the required orbital recession of the
Earth away from the Sun postulated in [14] to explain the so called Faint
Young Sun Paradox [15] during the Archean eon.
3 Preliminary confrontation with the observations
From the point of view of a possible confrontation with the observations, we
generally remark that, at this stage of the development of the theory consid-
ered in this paper, no explicit expressions for the integrated charge ξ have
been worked out for a localized two-body system. Similar considerations
also hold for Kα, which should be fixed by making some specific choices
for the nonminimal function F . Thus, strictly speaking, it is not yet possi-
ble to quantitatively predict the magnitude of the orbital effects computed
in Section 2.1 for, say, a Sun-planet or Earth-satellite pairs. Nonetheless,
the inverse approach can be adopted, in principle, by treating ξ and Kα as
free parameters to be phenomenologically constrained or determined from
existing data records processed for different purposes. To this aim, some
considerations are in order4. In [1], the metric is sourced by matter, which
it couples to via the right hand side of eq. (9) in [1]. Different terms in these
non-minimal couplings appear to contain different number of derivatives on
4I am grateful to an anonymous referee for the following considerations.
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Figure 1: Difference ∆r between the numerically integrated time series of the
distance with and without eq. (3). The equations of motion were integrated
with a numerical solver using explicit Runge-Kutta methods. We adopted a
Sun-like star as primary and an Earth-sized planet as test particle. As far as
the parameters ξ and Kα entering eq. (3) are concerned, we adopted Kˆx =
Kˆy = 0, while their magnitudes were chosen in order to have an initial ratio
Anmc/ANewton ≈ 10−7 for eq. (3) and the Newtonian acceleration; as far as
their sign is concerned, the positive one was taken. As initial conditions of
the test particle, common to both the numerical integrations, we adopted
x0 = a(1 − e), y0 = z0 = 0, x˙0 = 0, y˙0 =
√
GMa−1(1 + e)(1− e)−1, z˙0 = 0,
with a = 1 au, e = I = 0. The time span is ∆t = 100 yr. The resulting
secular increase is in agreement with the theoretical prediction of eq. (11)
when calculated with the same physical and orbital parameters adopted in
the numerical integration.
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the metric. This fact may likely imply that terms with fewest number of
derivatives should be dominant in the post-Newtonian limit. It could be ex-
pected that these dominant5 terms introduce new mass scales in the problem
other than G ∼ 1/M2P. It is just these scales that ought to be constrained
when compared to observations.
4 Bounds from Solar System’s planetary motions
The recently determined supplementary precessions ∆ ˙̟ of the perihelia6
of some planets of our Solar System [17, 18] are used here. Since such cor-
rections ∆ ˙̟ to the standard Newtonian-Einsteinian perihelion precessions,
which globally account for all the dynamical and measurement modeling
errors, are statistically compatible with zero, they can be suitably used to
place some bounds on |ξK| by comparing them with the analytical preces-
sions of Section 2.1. The non-standard dynamics treated in this paper was
not explicitly modeled in [16–18], so that no dedicated parameters such as
ξ,Kν were estimated in a least-square way in dedicated covariance analy-
ses along with, say, other parameters taking into account further potential
deviations from general relativity. Nonetheless, the bounds which will be
inferred here are useful since they are an indication of acceptable values
offered by the most recent planetary ephemerides. Moreover, although po-
tentially not free from limitations7, the “opportunistic” approach of using
existing observation-based determinations, originally obtained for different
scopes, to infer bounds on non-standard dynamical effects parameterizing
deviations from general relativity has been widely adopted so far in the lit-
erature; see, e.g., the discussion in Section 4.2 of [20] and references therein.
In using the planetary supplementary perihelion precessions ∆ ˙̟ to gain
information on |ξK|, it must be taken into account the fact that, according
to eq. (7)-eq. (8) and eq. (20) in Section 2.1, it may occur that, for a
given orbital configuration, the predicted anomalous perihelion precessions
can vanish for certain particular locations in the sky of Kˆ, irrespectively
of the actual values of ξ and K for the planet considered. As such, those
spatial orientations of Kˆ must be excluded from our analysis since no useful
limits on |ξK| can be inferred. As it turns out from Figure 2, the critical
positions of Kˆ lie on continuous curves in the {α
Kˆ
, δ
Kˆ
} plane, where α
Kˆ
5The dominant terms should also be examined to see exactly what order in the PN
expansion they would become relevant.
6It turns out that the supplementary precessions of the nodes ∆Ω˙ [16] are less effective
for our purposes.
7For a recent analysis dealing with a specific effect, see [19].
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Table 1: Preliminary bounds on |Kξ| and corresponding locations in the sky
of Kˆ inferred from a comparison of the theoretical predictions of Section 2.1
for the precession of the longitude of pericenter ̟ with the supplementary
perihelion rates ∆ ˙̟ of some planets of the Solar System estimated in [18]
with the EPM2011 ephemerides. The values of I,Ω , ω at the epoch J2000.0
were adopted in the formulas of Section 2.1. Only standard dynamics was
explicitly modeled in the global solution yielding ∆ ˙̟ [18]. Thus, our re-
sults should be regarded just as indicative of what could be obtained with
the present state-of-the-art in the field of planetary ephemerides generation.
Dedicated covariance analyses by explicitly modeling the non-standard ef-
fects treated in this paper may represent a valuable complementary approach
to the one offered here.
Planet |Kξ| (kg s−1) α
Kˆ
(deg) δ
Kˆ
(deg)
Mercury 23.5 72.3 25.1
Venus 5.0 155.7 13.6
Earth 1.5 75.5 22.8
Mars 0.1 158 11
Jupiter 84851 12.8 4.1
Saturn 368.4 92.8 22.5
and δ
Kˆ
are the Celestial coordinates of Kˆ, i.e. the right ascension (RA)
and the declination (DEC), respectively. Table 1 summarizes the bounds on
|ξK| for all the planets for which the corrections ∆ ˙̟ are currently available.
The smallest value occurs for Mars.
Although the long-term rate of change of the semimajor axis is, perhaps,
the most striking consequence of eq. (3), no specifically dedicated studies
on planetary long-term evolutions of a and e are currently available in the
modern literature. That is, the astronomers [16–18] who estimated the
corrections ∆ ˙̟ to the standard perihelion precessions did not explicitly
estimate analogous quantities ∆a˙,∆e˙ for the rates of change of a and e. As
far as the secular increase of the astronomical unit (au) is concerned [21–23],
it is now a defining constant whose fixed value is assumed equal to 149 597
870 700 m exactly, as recently decided by the International Astronomical
Union at its XXVIII General Assembly [24]. Some upper bounds on the
planetary secular rates of change of a can only indirectly be inferred by
suitably interpreting existing data, as done in Table 1 of [25], based on
Table 3 of [26]. We will use them to get insights on |ξK0|. From Section
11
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Figure 2: Locations in the sky of Kˆ for which the anomalous perihelion
precessions of the first six planets of the solar system, theoretically com-
puted with the formulas of Section 2.1 and the values of I,Ω, ω at the epoch
J2000.0, vanish. They form continuous curves in the {α
Kˆ
, δ
Kˆ
} plane. No
useful bounds on |ξK| can be obtained on them.
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2.1, it turns out that the predicted anomalous rates of a increase with the
distance from the Sun, being proportional to a (eq. (11)) and to
√
a (eq.
(16)). Since the most accurate bounds on a˙obs occurred for the rocky planets
at the time of the analysis in [26], let us consider Mars. A maximum Arean
rate of
a˙obs . 3 m cty
−1 (24)
is given in Table 1 of [25]. Let us, first, evaluate the order-of-magnitude of
the contribution of eq. (16), which is proportional to nba
2e ∝√ae, to the
first order in e. It turns out
a˙
(v2)
nmc
ξK
≈ 5× 10−18 m kg−1. (25)
By using the figure quoted in Table 1 for |ξK| of Mars, obtained inde-
pendently from the Arean perihelion precession, we can conclude that the
contribution of eq. (16) to the expected anomalous rate a˙nmc is completely
negligible for Mars, given the present-day level of accuracy in determining
its orbit over centennial timescales. Indeed, it would amount to∣∣∣∣a˙(v
2)
nmc
∣∣∣∣ = 5× 10−19 m s−1 = 1.6 × 10−9 m cty−1. (26)
Thus, we can safely focus just on eq. (11), which contains ξK0 and vanishes
if and only if ξK0 = 0. A comparison of a˙
(v)
nmc with the observation-based
bound a˙obs in Table 1 of [25] yields
|ξK0| ≤ 1249 kg s−1. (27)
5 Bounds from Earth’s satellites
A similar analysis can be performed in the gravitational field of the
Earth with the COBE and GP-B satellites8 whose relevant physical and
orbital parameters are listed in Table 2. As far as |ξK| of the Earth is
concerned, an order-of-magnitude hint for it can be preliminarily inferred
from the meter-level Root-Mean-Square (RMS) accuracy [28] in the orbit
determination of GP-B during its yearly drag-free science phase. From [29]
∆N ≈ a sin I∆Ω (28)
8See on the Internet http://www.astronautix.com/craft/cobe.htm#chrono and
http://einstein.stanford.edu/content/fact_sheet/GPB_FactSheet-0405.pdf.
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Table 2: Relevant physical and orbital parameters of the COBE and GP-
B satellites. The observation-based bounds on the semimajor axis decays
are reported from [27] citing private communications by E.N. Wright to the
author. The figure for GP-B refers to its drag-free epoch.
Spacecraft mass (kg) a (km) e I (deg) a˙obs (m s
−1)
COBE 2270 7278 0.00089 98.9 −2× 10−5
GP-B 3100 7027.4 0.0014 90.007 −1× 10−6
for the cross-track shift ∆N , assumed of the order of 5 m, by multiplying
eq. (7) by 1 yr to have the predicted node shift ∆Ωnmc allows to obtain
|ξK| ≈ 2× 10−4 kg s−1. (29)
Although preliminary, the bound of eq. (29) allows to safely use just eq.
(11) for |ξK0|. Indeed, it turns out that eq. (16), calculated for GP-B with
eq. (29), yields
a˙
(v2)
nmc ≈ 10−8 m s−1, (30)
which is two orders of magnitude smaller that the observational constraint
on the semimajor axis rate quoted in Table 2. As a result, by comparing eq.
(11) with a˙obs in Table 2 one gets
|ξK0| . 2× 10−10 kg s−1. (31)
It turns out that COBE yields a bound weaker than eq. (31) by one order
of magnitude. It must be noted how the eq. (29) and eq. (31) for the Earth
are tighter than those obtained for the Sun in Section 4 by several orders of
magnitude.
6 Summary and overview
In this paper, we looked at the effects of a non-geodesic, “pressure”-type
acceleration on the orbital motion of a structureless massive test particle in
a localized, gravitationally bound two-body system. It arises from a general
class of modified gravitational theories with a nonminimal coupling depend-
ing generally on the curvature of the spacetime. In particular, we considered
a recently published large class of theories in which the coupling can be a
quite general function of the set of 9 parity-even curvature invariants.
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It turned out that all the usual Keplerian orbital elements experience
long-term variations. In our calculation, we did not make any a-priori sim-
plifying assumptions on both the orbital configuration of the test particle
and on the spatial orientation of K. Nonetheless, we assumed that m, ξ,Kα
can be considered constant over one orbital period of the test particle. It
should be fully justified in future, if and when the theory considered will be
studied in more details for the specific case of a two-body system. In par-
ticular, theorists should at least attempt to solve the spherically symmet-
ric metric generated by an isolated mass to check if the terms with fewest
number of derivatives in the nonminimal couplings become dominant, thus
introducing new mass scales in the problem.. Among the other precessions,
both the semimajor axis a and the eccentricity e, which characterize the
mean distance in a two-body system, do not stay generally constant. It was
also confirmed by a numerical integration of the equations of motion of a
fictitious Sun-planet system. Interestingly, such a peculiar feature yields a
mechanism which, in principle, has the potential capability of explaining
certain puzzles concerning the history of the ancient Earth, like the Faint
Young Sun Paradox, in terms of a steady orbital recession of our planet
away from the Sun.
We used our analytical predictions to tentatively pose some preliminary
bounds on ξK0 and ξK, treated as free parameters to be potentially con-
strained from observations, by using the latest determinations in the field
of the planetary ephemerides of the solar system. The perihelion ̟ and
the semimajor axis a of Mars preliminarily yielded |ξK| . 0.1 kg s−1 and
|ξK0| . 1249 kg s−1, respectively. Strictly speaking, our results may not be
considered as genuine constraints. Indeed, they did not come from a least-
square fitting procedure of dynamical models including the effects treated
here to the existing planetary data record. In fact, the observation-based
determinations used by us were estimated by the astronomers by only includ-
ing standard dynamics. Thus, our bounds should be viewed as indications of
acceptable values from the most recent ephemerides. An analogous analysis
for the Earth’s scenario performed with the artificial satellites COBE and
GP-B yields much tighter bounds. Indeed, we have |ξK| . 2× 10−4 kg s−1
and |ξK0| . 2× 10−10 kg s−1, respectively.
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